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ABSTRACT
The field of left-handed materials has drawn growing attention due to their novel and
unique electromagnetic (EM) properties. Left-handed materials are composite materials
with simultaneous negative dielectric permittivity ǫ and negative magnetic permeability
µ. Electromagnetic waves are left-handed in left-handed materials and the unique prop-
erties of such materials lead to a collection of remarkable phenomena, some of which
have been theoretically predicted and experimentally observed by many research groups
in the past few years. The research of left-handed materials has had and will continue
to have significant impacts on the fields of physics, optics and engineering.
In this dissertation we start from a brief review of this exciting new field, covering
from the early history to the recent investigations of metamaterials as well as negative
refraction phenomena in photonic crystals. Following the steps of history, we presents
the theoretical works back from the 1960’s, then the realization of left-handed materials,
and the experimental verifications by a number of research groups, including the first left-
handed metamaterial composed of arrays of wires and SRRs in the year of 2000 and some
most recent designs. Some of the interesting phenomena, namely negative refraction and
perfect lensing are also mentioned in the first chapter. Negative refraction phenomena
in photonic band gap structures is described here as well.
We next proceed in Chapter 2 to analyze the interaction between the components of
split ring resonator (SRR) and wires in left-handed materials. An effective way to check
the left-handedness of the composed metamaterials is presented and explained. SRRs
are the more complicated component in the conventional left-handed metamaterials.
xii
How propagation and polarization direction of incident electromagnetic waves affect
the behavior of SRRs is also investigated here with both numerical and experimental
results. It is concluded in Chapter 2 that SRRs show different EM responses for different
polarization and propagation directions of incident electric field due to the anisotropy
of the SRR’s geometry. A simple review of how to retrieve electromagnetic parameters
from transmission and reflection coefficients is described at the end of this chapter to
explicate the procedure we used to obtain permittivity and permeability from scattering
parameters.
In Chapter 3, we present an isotropic design of polarization independent SRRs. Ideas
for achieving extremely small inherent size SRRs are proposed and verified numerically
and experimentally. Comparisons of the new designs are also presented. An interesting
project — how to control the behavior of SRRs/wires structures is briefly discussed at
the end.
Chapter 4 investigates negative refraction phenomena and superlensing effect in two
different two-dimensional photonic crystal structures. Transmission properties of two-
dimensional photonic crystal structures composed of dielectric materials are obtained
and analyzed. Results from theoretical and experimental studies are reported and they
confirm the observing of left-handed behavior in the photonic crystals we proposed.
Finally in Chapter 5 several experimental methods involved in the course of the mea-
surements to verify the negative refractive index of left-handed materials are presented.
We demonstrated how to obtain transmission and reflection coefficients that can be used
to retrieve electromagnetic parameters. Determination of the refractive index of testing
materials by measuring the location of first node of standing wave is also described.
1CHAPTER 1 Background of Left-Handed Materials
Recently, left-handed materials (LHM), also addressed as negative index material
(NIM), have attracted a great deal of attention due to their novel and unique physical
properties. In this chapter we present a brief review of this exciting new field, covering
from the early history to the recent investigations of metamaterials as well as negative
refraction phenomena in photonic crystals.
1.1 Early hypothesis and prediction of left-handed materials
Existing materials in nature transparent to electromagnetic radiation that we are
aware of all have positive refractive index — a refractive index that is greater than
zero. However, could it be possible that there are materials possessing a negative re-
fractive index and what would be the unique properties of such materials if they do
exist? V. Veselago first investigated this question and theoretically conjectured the elec-
tromagnetic properties of media with simultaneously negative electric permittivity ǫ and
negative magnetic permeability µ [48].
In Veselago’s paper, the propagation of electromagnetic waves in a substance with
ǫ < 0 and µ < 0 was studied by looking into Maxwell’s equations. For the plane
monochromatic wave solutions, in which all fields are proportional to ei(k·r−ωz), Maxwell’s
equations read:
k × E = ωµµ0H,
k ×H = −ωǫǫ0E.
(1.1)
2Here, E and H are electric and magnetic field of electromagnetic wave, k the wave
vector, ω the circular frequency, µ and ǫ the relative permeability and permittivity of
the medium, respectively, and c the vacuum speed of light. It can be seen that when
ǫ < 0 and µ < 0, E, H and k form a left set of vectors, see Fig. 1.1. Because of this,
materials with simultaneously negative ǫ and µ are also called left-handed materials,
while materials with both positive ǫ and µ, where E, H, k form a right set of vectors
are called right-handed (RH) materials.
Figure 1.1 (1) If ǫ > 0, µ > 0, then (E,H, k) is a right set of vectors; (2) if
ǫ < 0, µ < 0, then (E,H, k) is a left set of vectors.
In right-handed materials, (E,H, k) and (E,H, S) are both right set vectors, where
S is Poynting vector, defining the directions of energy flow. Since
S = E ×H, (1.2)
S does not relate to the permittivity and permeability (ǫ, µ) of the material. So in
left-handed materials, S still forms a right set of vectors with the electric field E and
magnetic field H. Therefore, in left-handed materials, S and k are in opposite directions,
which means energy flux and phase velocity are opposite. This property brings about
interesting phenomenon, such as
• reversed Doppler effect: in left-handed material a receiver moving towards the
electromagnetic radiation source will perceive a lower frequency than that of the
source.
3• negative refraction
• reversed Cherenkov effect
The connection between frequency ω and wave vector for a plane wave solution is
given by dispersion equation. In the case of an isotropic material, the dispersion relation
is written as:
k2 =
ω2
c2
ǫµ, (1.3)
It can be seen that when the real part of the product of ǫµ is positive, the wave can
propagate in the medium, see Fig. 1.2. The region in the first quadrant is where the
permittivity and permeability are both positive. Most known materials in nature fall in
this region and they have been the most explored. Plasma falls in the second quadrant,
a plasma is typically an ionized gas where electrons in the atom are separated from
nucleus. Metals is also considered metals plasma below plasma frequency. However, the
remaining part of the map has not been explored as much. This is because materials are
not so easily available in these regions. In fact, materials that lie in the third quadrant,
where the permittivity and permeability are both negative, do not appear in nature at
all.
Figure 1.2 (ǫ, µ) space. Propagating waves occur in the first and third quad-
rants; waves are not able to travel in the second and forth quad-
rants.
4In Veselago’s paper, it is also concluded that simultaneous negative value of ǫ and
µ can only be realized when there is frequency dispersion. When there is no frequency
dispersion nor absorption, the total energy density is:
W = ǫE2 + µH2, (1.4)
When ǫ and µ are both negative, the total energy density would be negative as well,
which is physically impossible. When there is frequency dispersion, the relation of (1.4)
is modified as:
W =
∂(ǫω)
∂ω
E2 +
∂(µω)
∂ω
H2, (1.5)
A more general description of electromagnetic energy density in dispersive and ab-
sorptive materials can be found in Ref [38]. A positive energy density is only guaranteed
if
∂(ǫω)
∂(ω)
> 0,
∂(µω)
∂(ω)
> 0, (1.6)
Therefore, left-handed materials must always be dispersive.
1.2 Negative refraction and Superlensing
Electric permittivity ǫ and magnetic permeability µ are medium parameters used to
describe how medium polarize interacting with light and other electromagnetic fields.
They are related to refractive index as follows:
n = ±√ǫµ (1.7)
The sign of the index is commonly taken as positive, as in all known natural materials.
Nevertheless Veselago pointed out that if a medium has both negative permittivity ǫ and
5negative permeability µ, the sign must be reversed.
This reversal of the sign of the refractive index has stimulated a lot of confusion and
debate. For example, the velocity of an electromagnetic wave in a medium is written
as c/n, where c is the speed of light in vacuum. When the refractive index is negative,
does it mean that the wave travels backwards? Actually the definition of c/n is the
phase velocity and depict the speed at which wave maxima travel through a fixed point
in the medium. As addressed before, the phase velocity in negative index material is
opposite to the energy velocity. So when a wave packet travels in left-handed material,
the envelope moves away from source as energy velocity’s direction is flowing away from
source; however the phase front travel backwards as phase velocity is directed back to
the source, see Fig. 1.3.
envelope forward
wave maxima
backward
Figure 1.3 Wave packet traveling in negative index material
The refractive index also determines the deflection of a beam as it enters or leaves
the interface to the medium at an angle. Snell’s law states the quantitative relation
between the angle of incidence, transmission and refractive index:
n1 sin(θ1) = n2 sin(θ2), (1.8)
For a beam entering from right-handed medium to left handed medium, since n2 is
negative, the deflected beam is at the same side of the normal, see Fig. 1.4. As a result
the angle of transmission is “negative” and the refraction at the interface of RH/LH is
6called “negative refraction”.
θ

θ

θ

θ

   
   
Figure 1.4 “Reversal of Snell’s law”: refraction between RH/RH and
RH/LH medium
Negative refraction bends rays of light in a reversed way and thus has a focusing
effect. Actually J. B. Pendry proposed that a slab of negative index material could work
as perfect lens [33], see Fig. 1.5. Besides the perfect lens could bend propagating waves,
evanescent waves could also contribute the imaging, beyond the usual diffraction limit.
 
 
Figure 1.5 Planar slab of negative material focuses rays of light from a point
source
We know the finer details of the electromagnetic near fields are evanescent and do
not propagate, normal optical lenses can not focus evanescent waves and have a resolu-
7tion limit: only propagating waves can be focused by a normal lens and contribute to
the image; the evanescent waves are lost. The maximum resolution is of the order of
wavelength and sub-wavelength imaging can not be realized by normal optical materials.
However, for a planar slab of negative index material with ǫ, µ = −1 and no losses, a
perfect image exists that carries all the information of the source at the opposite side of
the slab. It is shown that evanescent waves can be amplified exponentially by the lossless
negative index material, while in normal medium it decays exponentially, see Fig. 1.6.
The idea of perfect lens was criticized by several research groups [13, 11]. Losses in neg-
ative index material lead to a new limitation of the perfect lens resolution. In addition,
It was argued that only when the electromagnetic source is put very close to the NIM
slab, sub-wavelength imaging could be possible [36]. Moreover, due to the dispersive
property of left-handed materials, the slab lens can only focus for a narrow region of
frequencies. Still, negative index slab provides a new way of manipulating lights and
electromagnetic waves.
LHM
n = -1
Air Air
propagating
 k|| < ω/c
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k|| > ω/c
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Figure 1.6 Propagating waves and evanescent waves focus through a perfect
lens
Negative index materials manipulate electromagnetic wave in such unconventional
8Figure 1.7 Snapshots of time-dependent, steady-state electric field patterns,
with stream lines [black lines in (A to C)] indicating the direc-
tion of power flow (i.e., the Poynting vector). The cloak lies
in the annular region between the black circles and surrounds a
conducting Cu cylinder at the inner radius. The fields shown are
(A) the simulation of the cloak with the exact material proper-
ties, (B) the simulation of the cloak with the reduced material
properties, (C) the experimental measurement of the bare con-
ducting cylinder, and (D) the experimental measurement of the
cloaked conducting cylinder. Animations of the simulations and
the measurements (movies S1 to S5) show details of the field
propagation characteristics within the cloak that cannot be in-
ferred from these static frames. The right-hand scale indicates
the instantaneous value of the field [39]
way. Depending on negative refraction, cloaking effects may be realized through NIM’s
ability to influence the direction of light that passes through it. Recently researchers
have shown that a cloak of invisibility is in principle possible, at least over a narrow
frequency band. In Ref. [39] the first practical realization of such a cloak was presented.
The cloak was constructed with the use of artificially structured metamaterials, designed
for operation over a band of microwave frequencies. The cloak decreased scattering from
the hidden object inside while at the same time reducing its shadow, so that the cloak
and object combined began to resemble empty space, see Fig. 1.7.
91.3 Realization of left-handed materials
Although the idea of left-handed materials was proposed almost fifty years ago, the
realization of such material was not implemented until recently. It was demonstrated
that composite material composed of artificial resonant structures can show effective
negative ǫ and µ. In this section, we present why left-handed materials can be regarded
as homogeneous medium, and review a sequence of events that enabled the realization
of LHM.
1.3.1 Effective Medium
As we mentioned above, dielectric permittivity and magnetic permeability are com-
monly used parameters to describe how locally homogeneous materials polarize under
the effects of an electric field and magnetic field. From the electromagnetic point of view,
when the wavelength of the electromagnetic wave is a lot larger then the size of atoms or
molecules, the wave would not “see” the tiny details but rather some averaged response.
For example, when light is incident on a piece of glass, the wavelength of light(around
500nm) is hundreds times larger than the atomic level( usually several angstroms). So
the atomic details of glass are no longer important in depicting how the glass interact
with light. In that case the glass is considered uniform and can be characterized by
effective macroscopic electromagnetic parameters ǫ and µ. These two parameters can be
determined by the scattering properties, see ref [37].
For the artificial NIM consisting natural materials such like metal or/and dielectric,
if the wavelength of incident electromagnetic wave is much larger than the unit cell size
of NIM structure, NIM can be regarded as a homogeneous material as well. Although
NIM is inhomogeneous, the electromagnetic waves interacting with the structure at the
frequencies of interest can not tell the difference.
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1.3.2 Low Frequency Plasmon and Magnetic Resonators
In 1996, Pendry et al [34] demonstrated a periodic array of thin metallic wires to
possess a plasmon-like dielectric permittivity as given in (1.9). This composite structure
is constituted of infinitely long thin wires in square lattice, see Fig. 1.8.
ǫeff = ǫ∞[1−
ω2p
ω(ω + iΓ)
],
ω2p =
2πc2
d2 ln d/r
,Γ =
d2ω2pǫ0
πr2σ
(1.9)
Here ωp is the effective plasmon frequency, Γ is the plasma collision frequency. They
can be calculated from the parameters of the wire array. d is the lattice of wire array,
r is the radius of wire and σ is the conductivity of the metal. At frequencies below ωp,
the wire array shows electromagnetic properties of a negative permittivity material.
We can see immediately that (1.9) takes the same form as dielectric function of
metal bulk material. Actually we could consider the thin wire array as diluted metal
bulk material, but the thin wire array has much lower plasmon frequency (in microwave
regime) then natural metal material (usually in ultraviolet regime).
d
r
Figure 1.8 Conducting wire array makes effective negative permittivity
medium
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The structure of an artificial magnetic resonator was proposed in the year of 1999
[35]. The magnetic resonator usually has the shape of a split-ring or Swiss-roll, see
Fig. 1.9. Essentially it is a inductor-capacitor resonator circuit, the metallic ring it-
self has inductance and the gap introduces capacitance. For frequencies below or far
above resonance, the effective µ is positive; near resonance, the responding magnetic
momentum is opposite to the incident magnetic field and this translates to negative
permeability.
l
l
d
t
w
C
L
Figure 1.9 Split-ring resonator and its equivalent circuit
It was demonstrated that arrays of ring resonators could respond to the magnetic
component of incident radiation, displaying an effective permeability. The effective
permeability of ring resonator was given by Pendry [35] as:
µeff = µ∞[1− Fω
2
ω2 − ω20 + iΓmω)
],
F =
πR2
d2
,
ω20 =
3dc2
π2R3 ln(rw/h)
,
Γm =
dc2
2πRσ
,
(1.10)
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where d is period of the structure, R is the radius of the resonator, rw is the radius of
the wires, h is the distance between rings in SRR, σ is the conductivity of the metal
material. A plot of the effective permeability for an ideal SRR over frequency is shown
in Fig. 1.10.
µeff=1
ω0 ωmp ω
µeff
Figure 1.10 Spectrum of effective magnetic permeability of SRR
1.3.3 First left-handed material and its verification
In 2000, D. R. Smith and his collaborators fabricated the first composite structure
that constituted a negative index material operating at microwave frequencies [43]. One
of such structure is shown in Fig. 1.11, consisting of alternating layers of wires and
slit-ring resonators. Smith also experimentally tested that the LHM structure exhibit
properties of LHM, such like negative refraction. Later on, more experimental demon-
strations of LHM have been reported [43, 41, 40, 2, 32, 1]. Recently metamaterials at
telecommunication and visible frequencies has been fabricated and tested[6].
In ref [43], It was demonstrated that the one-dimensional left-handed material struc-
ture (wire array combined with SRR array) has a transmission band at a narrow band
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Figure 1.11 First composite structure of wire array and SRR array [43]
of frequencies where the wire array or SRR array individually show a band gap. Trans-
mission experiments of two dimensional structure was performed as well.
Along with transmission experiments, negative index of refraction was also measured
in prism shaped metamaterial. A diagram of how negative refraction experiment have
been set up is shown as Fig. 1.12.
Positive Refraction
Negative Refraction
NIM
NIM
Negative Refraction Positive Refraction
Incident Wave
Figure 1.12 Negative refraction experiment scheme
Most reported NIMs have combined non-resonant wires to realize the electric response
and conducting split ring resonators to realize the magnetic response. Continuous wires
is a very simple design, however realization of negative permittivity by the use of con-
tinuous wires also has disadvantages. The effective plasma frequency (and frequency
band of negative permittivity) is lowered as the unit cell size increases, making NIM
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metamaterials with unit cell dimensions much smaller than the wavelength problematic.
Alternatively, arrays of finite length wires can be used to create negative permittiv-
ity metamaterials. When cuts are present in the wires periodically, the capacitive gap
between wires introduces a resonance. Instead of exhibiting negative permittivity at
all frequencies below cutoff like continuous wires, cut wires shows a band of negative
permittivity between a lower resonance frequency and an upper cutoff frequency. The
resonance frequency is significantly dependent on the capacitance of the gap between
the wires, also making the cut wire lattice difficult to design accurately.
Recently, Ruopeng Liu et al. [22] have demonstrated a relatively broadband NIM
which makes use of SRRs and a new type of electric resonators, tuned such that they
resonate at the same frequency and with nearly the same frequency dispersion. The
NIM properties are confirmed by direct measurements of the phase variation and field
distributions, obtained by field mapping. Fig. 1.13 shows the SRR and electric LC
resonator used to construct the negative index metamaterials.
The electric LC resonators can be regarded as combination of two identical SRRs
placed back-to-back.When excited by an electric field, currents flow in such a manner
that resonant magnetic response is canceled out, leaving only a resonant electric re-
sponse. ELCs are convenient to control and can be made relatively insensitive to the
cell-to-cell coupling. Experimental results in the microwave regime are also reported in
[22].
Besides experimental efforts, a lot of numerical studies was confirmed by plenty
of researcher groups, e.g., to obtain scattering parameters by simulating a unit cell
of the composite structure and retrieve effective permittivity and permeability from
reflection and transmission coefficients [46, 24, 26, 7, 25, 27, 44, 18]. There are several
effective numerical simulation methods, including finite-difference time-domain (FDTD),
finite-difference frequency-domain (FDFD), scattering matrix, modified transfer-matrix
method [26], as well as commercial simulation packages, such as CST Microwave Studio,
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Figure 1.13 (a) SRR structure, (b) ELC structure, (c) Picture of SRR-ELC
NIM sample [22]
Ansoft High Frequency Simulation Software, and Comsol Multiphysics.
1.4 Negative Refraction in Photonic Crystals
Photonic crystals are media where the dielectric function is periodically modulated.
They are designed to mold and control the flow of light like the way semiconductor
controls electrons. Photonic crystals have certain frequency regions that no electromag-
netic waves can propagate inside in any direction. The frequency regions that allow no
propagation are called photonic band gaps. Thanks to this valuable property, photonic
crystals can be utilized in the application of waveguide, antennas, laser devices, etc.
The phenomenon of negative refraction was also discovered and verified in photonic
crystals [29, 23, 5]. In 1998 a hexagonal 3D photonic crystal composed of alternating
layers of Si and SiO2 was found for which small deviation of incident angle results in
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a huge deviation of the transmission angle. Furthermore, for all angles of incidence,
incident beam and transmission beam are at the same side to the normal, that is, the
refraction is negative [16]. This phenomenon is called superprism. Negative refraction in
photonic crystals enables a photonic crystal slab to work as a lens. Notomi investigated
the light propagation in a strongly modulated two dimensional photonic crystal and
predicted negative refraction could occur at a frequency region where the dispersion
relation is almost isotropic [29]. Moreover Luo et al studied negative refraction behavior
of a photonic crystal for a frequency region around the band edge of the first band for
a photonic crystal of square lattice [23]. Cubukcu et al verified experimentally single-
beam negative refraction and demonstrated superlensing effect in the valence band of
2D photonic crystal similar to the system in Ref. [23] operating in microwave regime.
Negative refraction can be both observed in left-handed material and photonic crys-
tals. However photonic crystals do not have negative refractive index. We know that
left-handed and PC are both composed of periodically arranged structures. For left-
handed material, the propagating electromagnetic wavelength is much larger than the
lattice of unit structure; but for photonic crystals, the wavelength is comparable with the
period of the structure. So effective medium theory does not apply to photonic crystals.
It is not possible to define a physically meaningful effective permeability and permittivity
by retrieving the transmission and reflection coefficients of a photonic crystal.
The negative refraction phenomena in PC was theoretically explained using the
equifrequency surface (EFS) [29]. The equifrequency surface is a surface that contains
all allowed wave vector within the first Brillouin zone for a certain frequency, analogue
to the Fermi surface in semiconductor field. A very simple case of EFS is given here, see
Fig. 1.14. The EFS of homogeneous NIM and air are the red and black circle. At the
boundary the tangential component of the wave vector is conserved, so that the wave
vector could be pointed towards point A or B. Since the direction of energy flow must
point away from the source, in NIM only the wave vector pointed to A corresponds to a
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Poynting vector away from the source - at the negative side of the surface normal. The
EFS of photonic crystal is a lot more complicated than the homogeneous case.
Figure 1.14 Negative refraction at the surface NIM with circular EFS and
air[10]
Foteinopoulou et al demonstrated a two-dimensional PC system in which S and k are
almost opposite to each other. This case resembles a uniform negative index material
[7]. Foteinopoulou et al also use FDTD simulation method to study the time evolution
of an EM wave as it hits the interface of air and the PC system. The wave is trapped
temporarily at the interface, reorganizes, and, after a long time, the wave front moves
eventually in the negative direction. This particular example shows how causality and
speed of light are not violated in spite of the negative refraction always present in a
negative index material.
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1.5 Summary
The research of left-handed materials has had a significant impact on the field of
physics, optics and engineering. It offers opportunities to make artificial metamaterials
that has unique electromagnetic properties which are impossible to find in conventional,
naturally existing materials. The ability to manipulate the value of the permittivity
or permeability opened many new possibilities in different fields of physics and engi-
neering. Superlensing, cloaking etc are possible application of the novel metamaterials.
Nowadays materials with effective ǫ and effective µ or effective refraction index near zero
have also become the subject of investigation [42], one of the application of such near
zero metamaterials is electromagnetic tunneling, for example. As we move forward, we
believe left-handed metamaterials and related metamaterials can lead us to more novel
applications and dramatic physical phenomena.
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CHAPTER 2 Electromagnetic Response of LHM
SRRs and wires shows magnetic and electric response to an incident electromagnetic
wave. While their individual response has been discussed in the previous chapter, in
this chapter we will analyze interaction between the component of SRR and wires in LH
materials. How propagation and polarization direction affect the behavior of SRRs will
also be investigated here.
2.1 Electric response of SRR
Since the original microwave experiment of Smith et al., several LHMs were fabri-
cated [43, 32] that exhibited a pass band in which it was assumed that ǫ and µ are both
negative. This assumption was based on transmission measurements of the wires alone,
the split ring resonators(SRR) alone, and the LHMs. The occurrence of a LHM trans-
mission peak within the stop bands of the SRR and wire structures was taken as evidence
for the appearance of LH behavior. Further support to this interpretation was provided
by the demonstration that such LHMs exhibit negative refraction of EM waves [41, 14].
Moreover, there is a significant amount of numerical work [26, 25, 27, 31] in which the
transmission and reflection data are calculated for a finite length of metamaterial. A
retrieval procedure can then be applied to obtain the macroscopic electromagnetic pa-
rameters ǫ and µ under the assumption that it can be treated as homogeneous. This
procedure was applied in Ref. [44] and confirmed that a medium composed of SRRs
and wires could indeed be characterized by effective ǫ and µ whose real parts were both
negative over a finite frequency band, as was the real part of the refractive index n.
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Figure 2.1 Different geometries of LHM combined SRRs and wires
However, it was later shown [15] that the SRRs exhibit a resonant electric response
in addition to their resonant magnetic response, and, therefore, make the understanding
and the fabrication of true LHMs more challenging.
The conventional LHM could combines SRRs and wires in different configurations,
like shown in Fig. 2.1. SRRs and wires can be attached to opposite side of dielectric
board on which they stand; or SRRs and wires are constructed on the same side of
standing board; moreover, SRRs and wires can also be fabricated on separate boards
and placed together in alternating layers.
In all those different combination cases, there are non-negligible interactions between
the SRRs and wires. We noticed that the effective plasma frequency of LHM is con-
siderably lower than the one of wire arrays alone . This effect is due to that SRRs
have magnetic response as well as electric response. As seen in Fig. 2.2, the composite
metamaterial (CMM) is periodical stacking of SRRs boards and wires boards, like type
II in Fig. 2.1. The measured transmission peak is actually a right-handed peak [2].
Due to the additional response of SRRs, the effective plasma frequency of the composite
structure is moved to lower region, which may possibly be even a slightly lower than the
magnetic resonance frequency of SRRs. At this region both effective electric permittivity
and magnetic permeability are positive.
A simple and effective way to study the combined electric response of SRRs and wires
is to destroy the magnetic response of SRRs without interfering the electric response. We
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Figure 2.2 Measured transmission spectra of thin wires, SRRs and the
composite structure. The transmission passband is actually a
right-handed peak although it appears where both SRRs and
wires has stop band alone [2].
22
know the exclusive source of magnetic response of LHM is the circulating current in the
SRR, which is equivalent to the oscillating current in a Inductor-Capacitor resonator
circuit. By closing the gap of the SRR, the magnetic resonance is annihilated since
the capacitor is destroyed; at the same time, this alteration to electric response can be
assumed to be small because only a very small portion of metal is added.
In the following we will present a CMM consisting of a periodically arranged SRRs
and wires structures. The work has been reported in [1]. The magnetic resonance of
the SRR structure will be demonstrated by comparing the transmission spectra of SRRs
with those of closed SRRs. Simulation results show that the effective plasma frequency
of the LH material composed of SRRs and wires is lower than the plasma frequency of
the wires.
The SRR and Closed SRR (cf. Fig. 2.3) units are fabricated on a FR4 circuit board
with a deposited copper layer of 30-µm thickness. The geometric parameters of the SRR
are d = t = 0.2mm, w = 0.9mm, and r = 1.6mm. The circuit board has a 1.6 mm
thickness and dielectric constant ǫ = 4.4. The dimensions of a unit cell containing a
single SRR are ax = ay = 8.8mm and az = 6.5mm.
Fig. 2.4 shows the simulated transmission spectra of periodic SRRs and closed SRRs
from 3 to 14 GHz. The first bandgap of the SRR medium is not present in the closed
SRR medium, indicating that it belongs to the magnetic resonance providing µ < 0.
The second bandgap is present for both the SRR medium and the closed SRR medium.
This simulation clearly shows that the stop bands of a SRR medium cannot be assumed
to be purely negative µ behavior. Higher frequency region of the observed gaps could
originate from the electrical response of the SRRs or from Bragg gaps that are due to
periodicity [19]. Experiment measurement has been done by K. Aydin et al and the
simulation results agrees extremely well with measurement data.
As we pointed out earlier, the SRRs exhibit resonant magnetic response as well as
electric response. This behavior due to electric character is similar to that of a periodic
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Figure 2.3 Schematics of (a) a single SRR, (b) a Closed SRR, (c) a periodic
metamaterial composed of SRRs on one side and wires on the
other side of a dielectric board.
Figure 2.4 Simulated transmission spectra of a periodic SRR medium and
a periodic closed SRR medium from 2 to 14 GHz.
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Figure 2.5 Transmission spectra of wires and CMM with closed SRRs
cut-wire medium which has a stop band with a lower edge that is due to the discontinuous
wire geometry [30]. As a result, the SRRs contribute to the effective permittivity of the
CMM, shifting the plasma frequency to lower region. Simulation has been done to
compare the effective plasma frequency of wires only and of a metamaterial consisting
of periodic alternating layers of closed SRRs and wires Fig. 2.5. If the effective plasma
frequency is even lower than the magnetic resonance frequency, a right-handed peak will
be observed.
Both simulation and experiment show that the effective plasma frequency is higher
than the magnetic frequency, which guarantees the left-hand property of the CMM’s
transmission peak appearing around at 4GHz. The transmission spectra of SRR only,
wire only, and CMM periodic structures are displayed in Fig. 2.6.
From above, we can see a well-defined LH transmission band with a high peak value is
obtained. The experimental results agree extremely well with the theoretical calculations
by MWS. The left-handed transmission band exactly coincides with the region where
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Figure 2.6 Transmission spectra of wires and CMM with closed SRRs
both dielectric permittivity and magnetic permeability take negative values.
2.2 Electric coupling to the magnetic resonance
We have learned that the SRRs have a considerable electric response in addition to
magnetic response. In that case, we assumed that the only source of magnetic resonance
is the induced circulating current flowing in the SRRs coupling to the external magnetic
field that is perpendicular to the plane of SRRs. Based on this assumption, it would
be impossible to observe transmission gap at magnetic resonance frequency when the
external magnetic field is in the plane of SRRs, since no induced oscillating current
would be generated. However, simulation and experiment results showed that a strong
transmission gap around the magnetic resonance frequency are observed in some cases
even when the applied magnetic field is the plane of the SRRs.
There are several different configurations of the directions of wave propagation and
E field polarization respect to the plane of SRRs, they are shown in Fig. 2.7.
In the following, we present numerical and experimental results for the transmission
coefficient of a lattice of SRRs for the different orientations shown in Fig. 2.7. This work
was reported in [50]. It was considered an obvious fact that an incident EM wave excites
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Figure 2.7 Different orientations of the SRR with respect to the external
electric field E and the direction of propagation
the magnetic resonance of the SRR only through its magnetic field; hence, the magnetic
resonance response appears only if the external magnetic field H is perpendicular to the
SRR plane(Fig. 2.7 [a] and Fig. 2.7 [b]), which, in turn, implies a direction of propagation
k parallel to the SRR plane. If H is parallel to the SRR, no coupling to the magnetic
resonance was expected.
However, if the direction of propagation is perpendicular to the SRR plane and the
incident E is parallel to the sides of the SRRs which contain the cuts (Fig. 2.7 [d]), we
observed an electric coupling of the incident EM wave to the magnetic resonance of the
SRR. Similar results were obtained by others for other cases of metamaterials [15, 12].
Experiments, as well as numerical results based on the Microwave Studio, reveal that for
propagation perpendicular to the SRR plane a dip in the transmission spectrum close
to the magnetic resonance of the SRR appears whenever the electric field is parallel to
the sides of the SRR where the gaps exist.
For the experimental study, a metamaterial consisting of SRRs was fabricated, using
a conventional printed circuit board process with 10 µm thick copper patterns on one
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side of a 0.254 mm thick rexolite dielectric substrate. The rexolite board has a dielectric
constant of 2.53 and a dissipation factor of 0.0009 (ǫ′′/ǫ′) at 1.5 GHz. The design and
dimensions of the SRR are almost the same as those described in [20] and quite similar
to those in [40]. The geometrical parameters of the SRR are w = d = t = 0.33 mm and l
= 3 mm [cf. Fig. 2.8a]. The metamaterial was then constructed by stacking together the
SRR structures in a periodic arrangement, as shown in Fig. 2.8d. The unit cell contains
one SRR (with outer and inner rings) and has the dimensions 4.33 mm (parallel to the
cut side), 3.63 mm (parallel to the continuous side), and 5.0 mm (perpendicular to the
board).
The transmission measurements were performed in free space on an orthorhombic
metamaterial block consisting of 11× 14× 15 unit cells, using a Hewlett-Packard 8510
network analyzer and microwave standard-gain horn antennas. We performed measure-
ments for both propagation directions, perpendicular and parallel to the plane of SRRs.
Fig. 2.9 presents the measured transmission spectra, T, of the SRRs for the per-
pendicular propagation direction. The magnetic field, H, is parallel to the plane of the
SRRs, and, therefore, no coupling to the magnetic resonance of the SRR is expected.
However, as one can see from the dotted line in Fig. 2.9, there is a dip in the transmission
spectra around the 13 GHz region. No dip is observed in the case shown as a solid line
in Fig. 2.9. The only difference between the solid and the dotted lines in Fig. 2.9 is the
direction of the incident electric field E. In the dotted line case of Fig. 2.9, where the
dip in T is present, E is parallel to the gaps of the SRR (along the x-axis). In the solid
line case of Fig. 2.9 , where there is no structure in T, E is perpendicular to the gaps of
the SRRs (along the y-axis).
Our results suggest that the magnetic resonance of the SRRs can be also excited by
the electric field. In the insert of Fig. 2.9, we present the numerical results, which are in
good agreement with the measurements. They predict what direction of E gives a dip
in transmission, as well as the frequency position of the dip. The numerical results were
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Figure 2.8 (a) The dimensions of a single SRR with w = d = t = 0.33 mm
and l = 3 mm; (b)–(d) photos taken of the SRR
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Figure 2.9 Measured transmission spectra of a lattice of SRRs for propa-
gation direction perpendicular to the plane of SRRs (along the
z-axis) for both directions of the electric field E. The solid line
has E along the y-axis, while the dotted line has E along the
x-axis. The inset shows the calculated transmission spectra us-
ing Microwave Studio software.
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Figure 2.10 Measured transmission spectra of a lattice of SRR for propaga-
tion direction parallel to the plane of SRRs (along the x-axis)
for both directions of the electric field E. The solid line has E
along the y-axis, while the dotted line has E along the z-axis.
The inset shows the calculated transmission spectra using Mi-
crowave Studio software.
obtained by the commercial software Microwave Studio. In our numerical analysis we
only use a single unit cell in propagation direction and this is the reason for the narrower
dip seen in the inset of Fig. 2.9. If more unit cells were used in the calculation, the dip
will become wider, as in the experiment.
In Fig. 2.10, we present the measurements for the conventional case in the operational
direction the SRR was designed for, where H is perpendicular to the SRR and the
propagation direction is parallel to the plane of the SRRs. Notice that T exhibits a stop
band due to the magnetic resonance of the SRR. Both the solid (E parallel to the gaps
of the SRRs) and the dotted (E perpendicular to the gaps of the SRRs) lines Fig. 2.10
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exhibit a stop band. In the inset of Fig. 2.10 we present the numerical results, obtained
with the Microwave Studio, which are in good agreement with the measurements. We
have, therefore, demonstrated both experimentally and numerically that the magnetic
resonance of the SRR can be also excited by the electric field, provided that E is parallel
to the gaps of the SRRs. If one closes the gaps of the SRRs [17], the dips seen in Fig. 2.9
and Fig. 2.10 disappear, which means that the dips in T are due to the magnetic response
of the SRRs.
In Fig. 2.11, we present the magnitude of the magnetic field, obtained with the
Microwave Studio, for the cases presented in Fig. 2.9. The frequency is 12.64 GHz,
exactly at the position of the transmission dip. In Fig. 2.11(a), E is parallel to the gaps
of the SRRs. One clearly sees a circular current of magnetic resonance is excited. This is
due to the asymmetry of the SRRs’ geometry with respect to the incident electric field,
which leads to different polarizations on the arms of the SRR, one with the gap while
the other without. The asymmetric polarization then amounts to an effective circular
polarization current which drives the magnetic resonance. It can only occur when the
electric filed of the incident wave is in-plane of the SRR and there is an asymmetry of
the SRR with respect to the direction of the electric field.
In Fig. 2.11(b), E is perpendicular to the gaps of the SRRs. In this case the polariza-
tion current only flows up and down symmetrically in both sides of the SRRs. Hence no
circular current appears, no coupling to the magnetic resonance of the SRR is noted, and
no dip in the transmission spectra is seen because the SRR is symmetric with respect to
the applied electric field. Marques et al. considered bianisotropy in SRR structures and
developed an analytical model to evaluate the magnitude of cross-polarization effects
[28].
In Fig. 2.12, we present the results for effective values of the electrical permittivity
ǫ and the magnetic permeability µ obtained by our retrieval procedure [18], as we will
mention in the next section. In Fig. 2.12a, the propagation direction is perpendicular
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Figure 2.11 The H field in two different orientations of a single ring SRR,
as obtained by Microwave Studio. For both cases, the prop-
agation direction is perpendicular to the plane of SRRs. (a)
The external electric field points along the x-axis, parallel to
the sides of the SRRs which contain the cuts. In this case a
circular current is present, which can excite the magnetic reso-
nance of the SRR. (b) The external field is parallel to the sides
of the SRRs without cuts (along the z-axis). For this direction
no circular current is generated, only a field along the sides of
the SRR that does not have gaps, but has a non zero current.
Therefore, no coupling to the magnetic resonance of the SRR
is possible.
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(a) (b)
Figure 2.12 The retrieval values of ǫ and µ for two different orientations
of a single ring SRR, as obtained by our retrieval method [18].
(a) The propagation direction is perpendicular to the plane of
the SRRs and the external electric field points parallel to the
gaps of the SRR. In this case no negative µ is obtained, only
the ǫ is negative. Notice that an antiresonance is obtained for
the magnetic permeability µ. (b) The propagation direction
is parallel to the plane of the SRRs and the external field is
parallel to the gaps of the SRRs. For this direction a negative
µ is generated, as expected. Notice that an antiresonance is
obtained for the electrical permittivity ǫ.
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to the plane of the SRRs, and the electric field points parallel to the gaps of the SRRs.
In this case the retrieval procedure does not give a resonant magnetic response at the
magnetic resonance, and no negative value of µ is obtained. Instead, there is an electric
resonant response, as revealed by the negative value of ǫ. As discussed in [18], there
is an anti-resonance response in µ, as clearly seen in Fig. 2.12(a). [18] suggested that
the antiresonant behavior is caused by the requirement that the refractive index must
be bounded in the structures which possess finite spatial periodicity. In Fig. 2.12(b),
the propagation direction is parallel to the plane of the SRRs, and the electric field
points parallel to the gaps of the SRRs. In this case the retrieval procedure does give
a magnetic resonance response, as expected, and a negative value of µ is obtained. In
this case, too, an anti-resonance response is obtained for ǫ.
2.3 Sketch of Effective Medium Parameter Retrieval
In this section we present a brief review of how to retrieve macroscopic electromag-
netic parameters (dielectric permittivity and magnetic permeability) from scattering
parameters (transmission and reflection, or S21 and S11). This procedure has been es-
tablish, references can be found at [37, 24, 26, 7, 25, 27, 44, 18]. When a metamaterial
structure is exposed to electromagnetic radiation at wavelengths much larger than the
unit cell size, the EM waves traveling through the medium can not “see” the details of
the internal structure, but rather some homogeneous material. In this case, the effective
material parameters ǫ and µ can be attributed to metamaterials.
We start from a homogeneous slab of the thickness d for normal incidence, see
Fig. 2.13. The incident wave propagates along Z direction which is perpendicular to
the surface (z=d1) of the slab. In region I, we have n1 = 1, z1 = 1, k1 =
ω
c
= k; in region
II, n2 = n, z2 = z, k2 =
ω
c/n
= nk; in region III, we have n3 = 1, z3 = 1, k3 =
ω
c
= k.
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Figure 2.13 Normal incidence for a homogeneous slab
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The calculated transmission and reflection coefficient are:
T =
4z1z2e
ik2d
(z1 + z2)2 − (z1 − z2)2e2ik2d (2.1)
R =
(z22 − z21)(1− e2ik2d)
(z1 + z2)2 − (z1 − z2)2e2ik2d (2.2)
Using the spacial properties, then we have
T =
(
cos(nkd)− i
2
(
z +
1
z
)
sin(nkd)
)
−1
(2.3)
R = − i
2
(
z − 1
z
)
sin(nkd)T (2.4)
where both n(k, d) and z(k, d) are complex valued functions.
After some algebra, we find
cos(nkd) =
1
2T
(1−R2 + T 2), (2.5)
and
z2 =
(1 +R)2 − T 2
(1−R)2 − T 2 . (2.6)
Solving the above equations, we get
z(k, d) = ±
√
(1 +R)2 − T 2
(1−R)2 − T 2 , (2.7)
n(k, d) = ± 1
kd
arccos
(
1−R2 + T 2
2T
)
+
2π
kd
m, m ∈ Z. (2.8)
Note that the signs of z and n are not independent, fixing one for given T and R
would fix the other too.
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For passive materials, the impedance of the slab should satisfy:
Re(z) > 0 (2.9)
or
Im(n) < 0 (2.10)
The sign of z could be uniquely determined by above equations, then the sign of n
can also be determined.
The permittivity ǫ and permeability µ are then obtained by:
ǫ = n/z (2.11)
µ = nz (2.12)
As shown above, the z and n obtained from the inversion of the transmission and
reflection are plagued with ambiguities. From (2.7), we can see that n can be a set of
values with different branches (2pi
kd
m). That n as a function of frequency is continuous
can help to determine the proper branch. Some further discussion to rule out some of
the possible solution can be found at [45, 37]
2.4 summary
In summary, we have shown that the magnetic component SRRs have electric re-
sponse in addition to magnetic response, thus we have to consider the combination
of continuous wires and SRRs as we study the effective permittivity of the composite
metamaterial.
we also have presented experimental and numerical results for the propagation of
EM waves for different orientations of the SRR. It is found that the incident electric
field couples to the magnetic resonance of the SRR, provided its direction is parallel to
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the gaps of the SRRs. There is an excellent agreement between numerical results and
experiments. This unexpected electric coupling to the magnetic resonance of the SRR
is of fundamental importance in understanding the transmission properties of SRRs and
LHMs. This finding is very important for the design of LHMs in higher dimensions.
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CHAPTER 3 Isotropic and Small Inherent Size SRR
To realize a perfect lens or for some applications, fabrication of two- or three-
dimensional homogeneous and isotropic left-handed materials is required. We have
demonstrated in Chapter 2 that SRRs show different EM responses for different po-
larization and propagation directions of incident electric field due to the anisotropy
of the SRR’s geometry. As a result, periodic arrangement of SRRs and wires do not
yield homogeneous and isotropic left-handed materials. In this chapter, we present an
isotropic design of polarization independent SRRs. How to achieve extremely small
inherent size SRRs is investigated later. A very interesting project of controlling the
behavior of SRRs/wires structures is briefly discussed at the end.
3.1 Opposed Rings SRR
As we mentioned earlier, SRR shows transmission dip for in-plane propagation when
the electric field is parallel to the gap of SRR. A simple way to extinguish this electric
coupling to magnetic resonance would be to introduce an identical gap on the other side
of the SRRs, as shown in Fig. 3.1. This two-gap SRR is symmetric to the electric field
and no circulating current can be generated.
By introducing the second gap, the effective capacitance of the SRR is reduced by a
factor of two since the two gaps can be regarded as capacitors in series. The second gap
results in higher magnetic resonance frequency since the resonance frequency depends
on the effective inductance and capacitance of SRR: ω2m = 1/(LeffCeff ). In this case
effective medium theory may not apply because the ratio wavelength to unit cell size
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Figure 3.1 Symmetric 2-gap SRR
is reduced at the increased frequency and is no longer large enough. This problem can
be prevented by increasing the gap capacities, e.g. by narrowing the gaps. However,
there are very stringent limitations on the minimum gap size imposed by the fabrication
process.
We propose a new design with symmetric geometric structure. The effective ca-
pacitance is preserved or even larger then the original slit ring resonator; see Fig. 3.2.
Instead of adding another gap in the SRRs, an identical SRR is put on the other side
of the board on which the first SRR is located. We call this structure an opposed rings
resonator.
Opposed ring resonator is not absolutely symmetric in the plane of SRR. However,
when the two rings are placed very closed to each other, electric coupling to magnetic
resonance generated by one ring is canceled by the one opposed to it. We noticed
that since the gaps of the two rings are of different size, circular current due to the
broken symmetry of each SRR are of opposite directions, which leads to neutralization
of electrical coupling. With reference to Fig. 3.3, we see that when the incident wave
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Figure 3.2 Two identical rings standing on the opposite sides of the board,
the gaps are opposed to each other.
is along the plane of SRR and magnetic field is perpendicular to the SRR plane, strong
resonance appears; if the incident wave is normal to the SRR plane, however, no distinct
resonance is observed. The retrieved EM parameters also are plotted in Fig. 3.3.
The effectiveness of the cancellation depends on the separation between the two
opposed rings. The closer the two rings are put, the less the opposed ring resonator
shows electric coupling to magnetic resonance when the electric field is polarized along
the gaps, see Fig. 3.4. The transmission spectrum in Fig. 3.4 is for the case where the
incident Em wave is normal to the plane of SRRs and the E field is polarized along
the gaps. If the separation between the two opposed ring gets closer and closer, the
resonance dip flattens out and eventually vanishes.
3.2 Overleaf Capacitor SRR
Designing metamaterial elements with extremely small inherent size (about 50 or
even more times smaller than their resonant wavelength) is a real challenge. Let λ denote
the free space wavelength at the region of resonance, and d the characteristic size of the
unit cell. For most metamaterial elements reported in the past, their λ−d ratio is about
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Figure 3.3 Transmission and retrieved ǫ and µ for different incident and
polarization directions. kpar and kpen mean that the k vector
is parallel or perpendicular to the SRR, respectively. For E field,
we use Epar and Epen to distinguish, cf. Fig. 2.7.
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Figure 3.4 Transmission and retrieved µ of opposed ring structure for dif-
ferent separation between rings. t is the separation between the
two opposed rings, from 0.075mm to 0.25mm
10. Surface mounted radio frequency (RF) components have been proposed to be used
to increase the λ− d ratio. For example, in order to reduce the resonant frequency for a
fixed size single-ring resonator, surface mounted capacitors are soldered in the gaps, see
Fig. 3.5. In the case of single ring resonator, the resonant frequency is determined by the
effective inductance and capacitance of its equivalent circuit. The effective inductance
is roughly proportional to the enclosed area of SRR, while the effective capacitance
depends on the wire width, thickness and separation of the gaps (the gap of the SRR
is simplified as a plate capacitor, separated by the gap distance). Nevertheless, after a
surface mounted capacitor is inserted into the gap, the effective capacitance of the SRR is
decided by the capacitance of the inserted components, because the original capacitance
is much smaller compared to the added one. As we stated before, resonance frequency is
determined by 1/
√
LC. When the capacitance increases, the resonant frequency drops.
By choosing the inserted capacitance, one could easily manipulate the resonance
frequency of the ring resonator. For electric resonator, surfaced mounted inductor is
also used to increase the effective inductance.
Surface mounted elements have their own disadvantages. The packed surface mounted
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Figure 3.5 Single-ring resonator with surface mounted capacitor soldered in
narrow gaps. The sample was provided by Phantom Works of
Boeing Company.
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Figure 3.6 Overleaf capacitor SRR and details of the embedded capacitor
RF components available in the market are usually several millimeters and can not be
soldered to structures of similar and smaller sizes. To avoid the size limitation, another
approach is taken specifically to reduce the ratio (λ/d) of the magnetic component of
metamaterial structure: overleaf capacitor SRR.
Overleaf SRR actually forms an embedded capacitor in the ring itself, instead of
attaching a discrete component in surface mounted capacitor aided SRR. Fig. 3.6 illus-
trates the physical structure of such overleaf capacitor SRR.
An example of the fabrication process we used is depicted in Fig. 3.7. Notice that
instead of a single layer of metal as in traditional SRRs, there are two layers of metal and
one layer of dielectric material. The first layer of metal is deposited on the supporting
board, forming the shape of a single ring resonator. Then a thin layer of dielectric
material is used to fill in the gap and adjacent part of the wires near the gap. Finally a
second layer of metal is deposited on the dielectric layer, with one end connected to the
first layer and the other end not.
From Fig. 3.6, it can easily be seen how the two layers of metal and the separating
dielectric layer constitute an effective plate capacitor. The capacitance of the embedded
plate capacitor can be estimated from the metallic plate area, dielectric constant and
thickness of the separating layer. This value could be thousands of times greater than
the effective capacitance of the gap in the original single ring resonator, making high λ/d
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Figure 3.7 Brief overview of the fabrication process of making a overleaf
capacitor SRR
magnetic component of metamaterials and their mass production possible. The embed-
ded capacitors do not have the size limitation as a surface mounted RF components do.
Furthermore, by choosing the plate size, dielectric constant, and/or the thickness of the
dielectric layer, one can easily manipulate the effective capacitance of overleaf capacitor
SRR, and hence the resonant frequency.
3.2.1 Numerical Verification of Overleaf Capacitor SRR
We performed simulations using Microwave Studio to verify the effectiveness of over-
leaf capacitor SRR in lowering the resonant frequency. Here we present a magnetic
resonant structure based on the SRR shown in Fig. 3.6. We introduced a very thin layer
of SiO2 via Plasma-Enhanced Chemical vapor deposition (PECVD) to form a plate ca-
pacitor, in order to lower the magnetic resonant frequency. In simulation, we designed
a overleaf capacitor SRR on top of a 0.2 mm thick square quartz substrate. The quartz
substrate has a dielectric constant of 4 and a dissipation factor of 0.0005. The SRR is
2.9 mm long and has a trace width of 0.4 mm. The gap is 0.1 mm and the embedded
plate capacitor has a overlapping region of 0.7mm× 0.8mm. The unit cell contains one
SRR and has the dimension of 3.3 mm in all three dimensions. Plane wave scattering
was used to obtain transmission and reflection, with magnetic field oriented on normal
direction of the SRR plane.
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Figure 3.8 Amplitude of transmission (S21) and reflection (S11) versus fre-
quency. The transmission dip indicate where the resonance is.
Microwave Studio simulation results showed that the resonance frequency of the
overleaf capacitor SRR is at 0.48GHz, see Fig. 3.8. This translates to λ/d = 190, which
is almost 20 times larger than the λ/d ratio of conventional SRRs.
In Fig. 3.9, we present the results for effective values of the magnetic permeability µ
obtained by our retrieval procedure, the same as introduced for the conventional SRR in
Chapter 2. A strong resonance of µ can be observed around the frequency of 0.48GHz.
3.2.2 Experimental results of overleaf Capacitor SRR
Experimental efforts were also made to verify the ability to achieve high λ− d ratio
for overleaf capacitor SRRs. An SRR similar to that in Fig. 3.6 was designed and
fabricated in the lab of the Microelectronics Research Center of Iowa State University.
Instead of a single-cut one, a 4-cut overleaf capacitor SRR was tested; see Fig. 3.10. The
unit cell was 1.5 mm, the SRR was 1.2 mm long, and the wire trace was 0.1 mm wide.
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Figure 3.9 Retrieved µ
Microwave Studio simulation results show that the 4-cut overleaf capacitor SRR has a
resonant frequency around 5GHz and λ/d ratio is about 40.
To fabricate the SRR, a layer of aluminum (3.5µm thick) was deposited on a quartz
substrate using the evaporation furnace. After patterning the first layer, a thin layer
of polyimide was spinner coated on the ring and patterned. Finally another layer of
aluminum is deposited on the polyimide layer and patterned as wanted. A picture of
the sample taken through an optical microscope is shown in Fig. 3.11.
Transmission measurements have been performed to test the resonance frequency of
the sample. Since a horn antenna operating at 500MHz is very huge and not available
in the lab, the experimental setup for measuring transmission through a single substrate
of the overleaf SRR structure has been chosen different from measuring transmission
through periodic arrays of SRRs in free space by use of waveguide horn antennas. The
sample substrate was located between two monopole antennas. Monopole antennas
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Figure 3.10 Top view of 4-cut overleaf capacitor SRR, from bottom layer
to top layer
Figure 3.11 The 4-cut overleaf capacitor SRR. Only the first metal layer
and the polyimide are shown here.
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Figure 3.12 Experiment setup for measuring transmission of SRRs through
monopole antennas
were used to transmit and detect the EM waves through the single substrate of SRRs.
SRRs were placed between the monopole antennas as shown in Fig. 3.12. The monopole
antennas were placed very close to the SRR arrays.
Measured transmission spectra are shown in Fig. 3.13. Notice that the measured
resonance frequency is 10% higher than the predicted value simulated from Microwave
Studio. The reason may be that the real thickness of the polyimide was more than 5µm.
3.2.3 Loss in the Overleaf Capacitor SRR
The overleaf capacitor SRR opens a novel way to manipulate the effective capac-
itance of the magnetic component of metamaterials. The idea of self embedded ca-
pacitor/inductor can be applied to electric components as well. For example, overleaf
capacitor can also be added into electric resonator, as shown in Fig. 3.14.
Also the overleaf capacitor SRR has its own limitations. As we noticed in Fig. 3.8,
the absorption of the unit cell is not negligible. This is due to the extremely large electric
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Figure 3.13 Measured transmission of SRRs through monopole antennas
Figure 3.14 Electric resonator with self embedded overleaf capacitor
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field concentrated in the embedded capacitor area. The upper and lower metallic plates
are only separated by the very thin layer of dielectrics and the magnitude of E field
inside could reach several kV/m. Even when the dielectric material has a very small loss
tangent, large absorption could occur.
3.3 Comparison of Opposed Rings and Overleaf Capacitor SRR
Although opposed ring was originally designed to remove electric coupling to mag-
netic resonance due to asymmetry in the geometry of SRR structure, it was found that
opposed ring can also be candidate to achieve high λ/d ratio. When the two opposed
rings are placed closer and closer, the resonance frequency moves to lower region while
other parameter are kept unchanged. When the two rings are only separated by a very
thin layer of dielectrics (like several µm), the opposed ring SRR constitute a large plate
capacitor. It can be regarded as a evened out overleaf capacitor in the way that in-
stead of constrain the capacitance to a small region of SRR, the pair of rings generate
capacitance uniformly.
Compared to overleaf SRR, Opposed-ring SRR has more evenly distributed inner
capacitance and is a more symmetric structure.
Comparison has been performed between opposed ring and overleaf SRR of the same
unit cell size, wire width, and ring length. Overleaf SRR has a dielectric layer thickness
of 0.5µm and the opposed ring SRR has 1.1µm. Fig. 3.15 shows that they have similar
resonance frequencies. For both opposed rings and overleaf SRRs, decreasing the unit
cell size in the stacking direction, which is effectively increasing the filling factor, shifts
the resonance frequency to lower region. Analytical model has also confirmed this.
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Figure 3.15 Resonance frequency of similar opposed ring and overleaf ca-
pacitor SRR
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L C R
Figure 3.16 Turn-on mode: R has small resistance, the embedded SRR be-
haves like a closed ring, so no magnetic response shows; Turn-off
mode: R works as a huge resistor, the embedded SRR shows
magnetic response
3.4 Tunable SRRs
In the previous sections, we discussed approaches to achieve high λ/d ratio symmetric
SRRs. However it is also a very interesting project if we can tune the behavior of SRRs
and even wires, that is, without change the geometric parameters of metamaterials
composed of SRRs and wires, the property (namely refractive index) of metamaterials
can be manipulated conveniently.
The approach we employ here is to embed photo-conductive material in the gap of
SRRs or cuts between wire structures. By controlling incident light intensity one could
affect resistance of embedded material, making the SRR closed or open. When a high-
intensity light shines on the SRR, photo-conductive material is in conducting mode and
has very small resistance, the embedded SRR is actually a closed ring structure and
has no magnetic resonance. When there is no light incident on the photo-conductive
material, the material has little conductivity and the SRR works as normal. Fig. 3.16
shows the equivalent circuit.
Simulation test has been taken on a NIM structure operating around 44GHz cf. Fig. 3.17.
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(a) (b)
Figure 3.17 Plot of photoelectric material embedded NIM structure and the
parameters
Photoelectric material is inserted in the gap of the outer ring of the SRR.
When the resistance of the inserted photoelectric material changes from 10M ohm
to 1K ohm, the refractive index of the NIM unit cell increases from -1.6 to near zero. It
proves that controlling the intensity of incident light can be an effective way to manipu-
late the electromagnetic property of the photoelectric material embedded NIM structure.
3.5 Summary
To obtaining high λ/d ratio metamaterial structure, the design of overleaf capac-
itor and opposed ring SRR were proposed. Theoretical, numerical, and experimental
results indicated that they both work. Ratios of up to λ/d ≈ 200 have been practically
achieved. Opposed ring SRR has more evenly distributed inner capacitance, and is a
more symmetric structure compared to overleaf SRRs. An effective and convenient way
to tune the behavior of SRRs is also presented.
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Figure 3.18 Refractive index plot for different resistance
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CHAPTER 4 Negative refraction in Photonic Crystal
Left-handed-materials are materials with simultaneously negative dielectric permit-
tivity ǫ and negative magnetic permeability µ. The phase velocity of the light wave
propagating inside this medium is pointed in the opposite direction of the energy flow.
Thus, the Poynting vector and wave vector are anti-parallel, consequently, the light
is refracted negatively. Several theoretical and experimental groups have investigated
negative refraction behavior of left-handed materials.
For LHM based on photonic crystals, Notomi studied light propagation in a strongly
modulated two-dimensional PC [16]. Luo et al. have studied subwavelength imagining in
PCs [23]. Cubukcu et al. demonstrated experimentally single beam negative refraction
and superlensing in the valence band of 2D PCs operating in the microwave regime [5].
Foteinopoulou et al. emphasized the time evolution of an EM wave as it hits the interface
between a right-handed and a LH material interface [7]. Pendry suggested that a slab of
lossless LHM with both ǫ and µ equal to -1 should behave as a perfect lens [33], i.e, the
details smaller than wavelength as well as the larger ones could be reproduced by such
a lens. The reconstruction of the evanescent wave components is the key to such perfect
focusing. It is shown how the evanescent waves get amplified upon reaching the interface
between a RH and LH medium and consequently how they participate in improving the
quality of the image. Homogeneous metamaterials and PCs were used to demonstrate
the effect. The main challenge is to find a structure with n=-1 for which the matching
condition are verified with no reflections. The candidate structure should have three
characteristics. First, it should exhibit almost isotropic equal frequency surfaces (EFS)
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in a band region with vg · k < 0, with k being the wave vector in the first Brillouin
zone (BZ) and vg is the group velocity. The latter implies S · k < 0, where S is the
time averaged quantity of the spatial average of the Poynting vector within the unit
cell, and thus LH behavior. Second, it should guarantee the absence of any higher order
Bragg reflections for any angle of incidence. Finally it should guarantee single beam
propagation.
4.1 Negative Refraction and superlensing in 2D rectangular
PC
In this section we propose an almost ideal structure based on a PC. The proposed
structure meets all the required conditions stated above and has a high transmission
at the desired frequency as well as a refractive index very close to n=-1. As it will be
discussed below, the refractive index ranges from -0.97 to -1.22 because of the anisotropy.
Additionally, with an appropriate cut and a specific termination of the surface, the
proposed structure focuses the image in a better way by exciting the surface waves and
enabling them to contribute toward the quality of the image. Furthermore, for different
incident angles, the cut structure demonstrates a high transmission as well as a maximum
coupling with the surface modes at the interfaces.
4.1.1 Structure of the 2D rectangular PC
The proposed structure consists of a triangular array of dielectric bars with a dielec-
tric constant ǫ = 9.61 in air. The dimensions of each bar in the x and y directions are,
respectively, rx = 0.40a and ry = 0.80a, where a=1.5875 cm is the center to center sepa-
ration between bars. The length of each bar is l=45.72 cm. Fig. 4.1 shows the structure
with more details. Only the TM modes are considered here (the E field is parallel to
the rods).
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The plane wave method was used to compute the photonic band structure as well
as the EFS, which was performed by S. Foteinopoulou. Some of the theoretical results
were obtained using the finite difference time domain (FDTD) method by R. Moussa.
This method shows a time and space evolution of the emitted EM waves. More details
of this algorithm can be found in Ref. [47]. In all the FDTD simulations we report,
LIAO boundary conditions [21] are used.
Depending on the desired conditions for the case under study, the source emits a
monochromatic TM polarization of desired dimensionless frequency. A Gaussian source
(Gaussian in space and almost monochromatic) is placed outside the structure to check
the negative refraction. However, a point source also excites the surface waves at the
interface between RH and LH material. The photonic band structure as well as the
EFS in k space are shown in Fig. 4.2. The quantity (fa/c) is the dimensionless frequency
where c is the velocity of light and a is the lattice constant. A region in the second band,
extending from 0.313 to 0.41, has vg · k < 0 and is of particular interest. To study the
system and to compute the refractive index, the EFS are plotted for different frequencies.
Note that the EFS consist of the allowed propagation modes for a specific frequency and
in our case, they have closed concave like form. Within the second band the shape of the
EFS tends to became circular for higher frequencies and reproduces the symmetry of the
system for lower frequencies. It is important to notice that in contrary with the triangular
lattice with circular rods for which the hexagonal symmetry is conserved on the lattice
as well as on the scatterers, this structure with rectangular rods loses its hexagonal
symmetry for the scatterers when the wave is traveling along a specific direction. Thus
the breaking of the symmetry gives some anisotropy in the structure. Thus, the EFS are
not totally isotropic because of the breaking of the symmetry. Therefore, the computed
phase refractive index of our structure using the EFS plot is somehow affected by the
anisotropy. It is not exactly equal to -1. In fact, for different incident angles it ranges
from -0.97 to -1.22.
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Figure 4.1 (a) A triangular array of dielectric bars in air with rx = 0.40a
and ry = 0.80a, where a = 1.5875 cm is the lattice constant. (b)
A picture of the structure with 33 layers in the lateral direction
and nine layers in the propagation direction.
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4.1.2 Theoretical prediction and Experimental measurements of Nega-
tive Refraction
Transmission measurements are performed to verify and test the negative refraction
and superlensing. The experimental setup consists of an HP 8510C network analyzer,
a waveguide horn antenna as the transmitter, and a monopole antenna as the receiver.
The PC used for the negative refraction experiment has nine layers in the propagation
direction ΓM and 33 layers in the lateral direction ΓK . The interfaces are along the ΓK
direction. In all the experimental and theoretical results, the electric field is kept parallel
to the bars. The operational frequency that leads to a structure of approximately n =
-1 is 6.5 GHz which correspond to a dimensionless frequency of fa / c = 0.345. For the
negative refraction the horn antenna is oriented such that it makes an angle with the
normal to the ΓK interface.
To examine the negative refraction, we first measure the transmission along the first
interface along the ΓK direction without the PC. We repeat the measurement but this
time with the PC and calculate the transmission in the vicinity of the second interface.
The results are plotted in Fig. 4.3. It is shown clearly how the center of the outgoing
Gaussian beam is shifted toward the left-handed side of the center of the incident beam.
This is a clear indication of the negative refraction occurring inside the structure. To
get a further insight about the negative or positive shift, Fig. 4.4 explains in detail in
which cases we have positive or negative refraction.
It is important to notice that experimentally we did observe the negative refraction
for different angles. This confirms that the negative refraction is coming from the almost
circular EFS, when vg ·k < 0. For a particular angle of θ = 30(deg), the lateral shift was
3.2 cm which correspond to a negative angle inside the LH PC of -15 (deg). We also have
done experiments for different incident angles, and always found negative refraction. In
particular for incident angles of 45 and 60 deg , the refracted angles are -20 and -30
(deg) , respectively.
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Figure 4.2 (a) The photonic band structure for the ΓM polarization. (b)
The EFS with different dimensionless frequencies shown on the
corresponding curves.
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Figure 4.3 The transmission at the first (solid line) and second interface
dashed line of the PC vs the lateral position. Arrows indicate
the refracted beam’s direction depending on positive or negative
shift.
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Figure 4.4 Schematics of positive and negative refraction. For negative re-
fracted beam, the center is shifted to the left-hand side of the
incident beam and for the positive refracted beam, the center is
shifted to the right-hand side of the incident beam.
Further insight about the field distribution inside this structure can be gained by
observing the E field inside a LH PCs slab plotted in Fig. 4.5 after 77.33T, where
T = 2π/ω is the period of the incident waves. The structure length along the lateral
direction is about 13.8 and about 2.98 in the propagation direction. A Gaussian beam
source with = 46 mm is placed outside the PC making an angle = 30 (deg) with respect
to the interface which lies in the ΓK direction. The FDTD simulation is performed by
discretizing the real space into a fine rectangular grid of a / 54 and a / 92 for the x and
y axes, respectively . A time step of δt = 24.90ps is used. The distribution of the field
inside the PC shows how the beam is negatively refracted inside the PC and refracted
in parallel way to the incident beam outside the PC. The theoretical result is in a good
agreement with the experiment since it gives a negative refracted angle of about -15 deg.
Theoretical agreement also exists for the other incident angles.
An important advantage of this structure is its property to allow single beam prop-
agation. The structure was designed in such a manner that only one beam propagation
is allowed eliminating the undesired Bragg waves inside the PC. One of the interesting
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Figure 4.5 The E field of a Gaussian beam propagating along 30 deg direc-
tion after 77.33T. The structure is 13.8 λ in the lateral direction
and 2.98λ in the propagation direction.
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features of this structure compared to the other LHM based on proposed PCs is its high
transmission. Fig. 4.6 displays the transmission versus the dimensionless frequency. The
experimental curve shows the high transmission of the structure over a wide range of
frequencies including the operational one. The arrows in this figure show the theoretical
indication of the gaps. As predicted by the band structure, the experimental curve shows
two gaps in the ΓM direction one between 0.25 and 0.276 and the other one starting at
0.41. Thus, the agreement between the band structure and the experimental curve is
very good.
In order to get an idea about what is happening inside the structure we examine
the transmission in both directions. Fig. 4.7 shows the transmission in the ΓM and ΓK
direction versus the frequency. This structure at the dimensionless operational frequency
0.345 has a good transmission in the ΓM direction and a weak transmission in the ΓK
direction. A weak transmission in the ΓK direction enhance the transmission in the
propagation direction which will be a critical issue for the superlensing phenomenon. It
was argued that the focusing seen at the edge of the first band in a square lattice was
not due to negative refraction but to anisotropic propagation resulting to the funneling
effect. This is not the case in our structure. As we will show later, the focusing and the
superlensing in our structure relies on negative refraction and on coupling to the surface
states.
4.1.3 Superlensing phenomenon
In order to investigate the superlensing phenomenon, we experimentally measure the
intensity of the focus for the same structure used in the transmission measurements 33
layers in the lateral direction and 9 layers in the propagation direction. Two probes
are used. The first one is placed at a distance of 0.2λ from the first interface of the
PC and the second one at the same distance from the second interface. We measure
the transmission with and without the PC. Fig. 4.8 shows the two resulting curves.
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Figure 4.6 The transmission along the M direction vs the dimensionless
frequency. The solid arrows indicate the theoretical gaps as cal-
culated from the band structure.
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Figure 4.7 The transmission vs the frequency for both the ΓM and ΓK
direction.
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Figure 4.8 The transmission vs the lateral position of a probe placed at
a distance 0.2λ from the first interface without the PC dashed
curve and with the PC solid curve at 6.5 GHz or a dimensionless
frequency fa/c = 0.345.
This figure demonstrates the high intensity of the focus and that the transmission is
enhanced by more than 20 dB for the setup with the PC compared to the one without
the PC. The solid curve also shows a high transmission at the edge of the structure at
x/λ ∼= 1.75. This might be due to the limited lateral length of the structure and to the
support station which might give some reflection at the edge.
Theoretically, we investigate the superlensing within a slab of PC with a dimension
of 20.7λ in the lateral direction and 1.20λ in the propagation direction. A point source
with a dimensionless frequency 0.345 placed at a distance 0.15λ from the first interface
of the PC is used. A time step of δt = 26.5ps and a fine rectangular discretization mesh
of a/40 and a/92 in the x and y direction are used. Fig. 4.9 (a) and Fig. 4.9 (b) show
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Figure 4.9 Snapshots of the E field after 68.49T of a point source located
at 0.15 and its image through a PC slab of 20.7λ in the lateral
direction and 1.20λ in the propagation direction. a shows the
complete structure and b shows the structure with a surface cut
of 0.10a.
the snapshots of the E field after 68.49T for the complete structure and the one with
0.10a termination. By the termination or cut 0.10a we mean that we cut 0.10a from
the first and last rows of the bars. Notice that in order to excite the surface waves at
the interface, we studied different terminations of the surface. Among the different cuts,
one surface termination succeeds in exciting the surface waves as shown in Fig. 4.9 (b)
. In this case the cut was about 0.10a. For both Fig. 4.9 (a) and Fig. 4.9 (b) a focus
is obtained. However, a better image with a higher intensity is obtained when surface
waves are involved. The surface waves in Fig. 4.9 (b) are clearly shown as propagating
along both the ΓK interfaces. As shown in Fig. 4.9 (b), the image is almost at the
same distance as the source. We did check other distances of the source from the first
interface. Indeed, a distance of 0.30 λ was examined. As expected the image moves
closer to the second interface at roughly 0.09 . However, the distance of the image from
the second interface is not at the same position as if our structure was isotropic with a
refractive index equal exactly to -1. This is due to the anisotropy of our structure.
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Figure 4.10 The normalized average eld intensity at the source black curve
and image plane dashed curve vs the lateral direction.
One way to verify the good quality of the image compared to the source is to plot
the average field intensity over a period at both the source and image planes. Fig. 4.10
displays the normalized average field intensity versus the lateral direction for the cut
structure. The full width at half maximum (FWHM) of the image beam is 0.35 λ and it
is almost the same as the FWHM at the source. This result shows that the cut structure,
which supports surface waves focuses in perfect way the object. Thus with a source that
is not too close to the structure 0.15 λ we succeed in exciting the evanescent waves and
achieving a better focus.
Apparently our structure with 0.10a cut surface seems to be a good candidate for
superlensing because we achieved a quite high transmission over a wide range of angles.
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Fig. 4.11 presents the transmission versus the angle of incidence for different values
of surface terminations. By trying different terminations we managed to optimize the
transmission. For the complete structure, the transmission start at 80% for normal
incidence, it gets high for a short range of angles then it drops to less than 20% for
angles larger than 70 deg . However, the structure with a surface termination of 0.10a see
Fig. 4.11 shows the maximum transmission for all incident angles. Thus, the transmission
is about 95% for angles up to 40 deg , and more than 80% for angles up to 65 deg and
more than 50% for angles up to 78 deg . This result shows first how the transmission
gets enhanced by the means of the excitation of the surface waves for a nonhomogeneous
structure. Second, high transmission over a wide range of incident angles excludes the
possibility of the funneling effect, and accentuate the fact that the negative refraction
in our structure is purely a result of LH behavior5 and not a preferred propagation
direction.
4.1.4 Conclusion
In conclusion, we have systematically studied a LH structure based on a rectangular
PC with a negative refractive index. Our experimental and theoretical results show the
negative refraction as well as the superlensing phenomenon in this structure. Further-
more, surface waves at the interface between air and the PC are excited within a specific
termination of the surface allowing the reconstruction of the evanescent waves for better
focus. The calculated average field intensity in the source plane as well as in the image
plane shows almost the same full width at half maximum demonstrating the perfect
image reproduced by this structure. Its high transmission along a wide range of angles
makes it a good candidate for observing LH behavior in PCs.
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Figure 4.11 Transmission vs the angle of incidence for different surface ter-
minations.
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Figure 4.12 Real Space Lattice
4.2 Negative refraction in 2D Wedge PC
Due to the unique properties of the PCs, only a wedge type of experiment can
unambiguously determine the rightness of the PC and determine the sign of S · k, (k is
the wave vector in the first Brillouin zone (BZ) and S is the pointing vector). Such wedge
type of experiment was proposed earlier [8]. However, no experience has been reported
that can unambiguously determine the rightness of the PC. This section presents the
results of such experimental realization. Two major difficulties are encountered. First,
how should the wedge be designed in order to avoid ambiguities and complications in
interpreting the results [9]. Second, it is well known that a finite-wedge geometry leads
to the possibility of multiple scattering from the two broad interfaces, as well as the sides
of the structure. Therefore, the main issue is how to choose the correct beam containing
the right information about the rightness of the PC from the multiple scattering beams
out of the wedge. Thus the determination of the right design for the wedge as well as
attributing the correct rightness to the outgoing beam is of crucial importance in such
kind of experience.
4.2.1 Wedge structure
In this part we theoretically and experimentally study the negative refraction in a
2D wedge shaped PC. The structure consists of a triangular array of ceramic rods of
a dielectric constant 9.61 in air, see Fig. 4.12. The rods have a length of l = 15cm
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(a) (b)
Figure 4.13 (a) The photonic band structure for the TE- polarization with
the shaded area being the area of interest in which our PC
behaves as a LH. (b) The Equal Frequency Surfaces (EFS) for
some selected frequencies.
and a diameter of d = 3.182mm. The center-to-center separation between the rods is
a = 6.343mm along the ΓK direction and b = 10.99mm along the ΓM direction. The
structure length along ΓK and ΓM is 29 and 11 layers respectively.
The plane wave method is used to compute the photonic band structure as well
as the equi-frequency surfaces (EFS), which is done by S. Foteinopoulou. Some of
the theoretical results are obtained using the Finite Difference Time Domain (FDTD)
method by R. Moussa. This method shows a time and space evolution of the emitted
EM waves. More details of this algorithm can be found in [47, 49]. In all the FDTD
simulations, a perfect matching layer (PML) boundary conditions [4, 3] are used. The
source emits a monochromatic TE-(H-) polarization of desired frequency. A Gaussian
source (Gaussian in space and “almost” monochromatic) is placed outside the structure
to check for the negative refraction. The photonic band structure as well as the EFS in
k space are shown in Fig. 4.13. Note that the EFS consist of the allowed propagation
modes for a specific frequency. The shaded region extending from 24.7 to 31.3 GHz is of
particular interest. This particular region does not start at the bottom of the third band
to avoid any overlapping with the second band. Since this region has vg ·k < 0, where vg
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is the group velocity. Therefore, our PC in this particular range of frequencies exhibits
LH behavior. The EFS in the first Brillouin zone are anisotropic and are shown as broken
curves with six-fold symmetry in k-space (see Fig. 4.13b). For selected frequencies in
the shaded regions the curves move inwards with increasing frequency. Above 31.3 GHz,
the EFS curves start to close and the phase refractive index becomes too small making
the determination of the LH behavior too difficult. Therefore we restrict our region of
interest up to 31.3 GHz.
4.2.2 Theoretical Calculation and experimental data
Our experimental setup consists of an HP 8510C network analyzer, a microwave
horn antenna as the transmitter and another horn antenna as the receiver. The second
antenna sweeps along the second interface as shown in Fig. 4.13a. The real view of the
wedge can also be found in Fig. 4.15. A baﬄe with an aperture of 10 cm is localized
at the first interface of the wedge. The distance from the first interface to the source
antenna is kept at 100 cm while the second antenna sweeps around at a distance of 160
cm. The source antenna generates an incoming EM launched normally to the interface
of our wedge structure. This part of measurement was in collaboration with K. Lin of
Boeing Phantom Works. Both ΓK and ΓM interfaces have been studied separately. The
outgoing beam is measured at all angles. Indeed, the detector sweeps from −90 deg to
almost +90 deg.
Following the band structure, our PC at low frequencies behaves as a RH material
with a positive refractive index. Indeed, the wavelength is large compared to the lattice
constant and consequently, an effective medium theory can be applied. To test our
setup and to get an idea if the experimental data agrees with the theory, we measured
the transmission for both polarization at 8 GHz. For this test case, the EM waves
were launched along ΓM and the interface was along ΓK. All angles were measured
with respect to the wedge normal (see Fig. 4.14a). The transmission spectra showed
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(a) (b) (c)
Figure 4.14 (a) The setup for the wedge experiment. (b) the wedge design
ΓMΓM in which the EM waves are launched along ΓK. Both
interface (I1) and (I2) are along the ΓM direction. The normal
to (I2) divide the hemisphere to an upper and lower half. The
upper half correspond to positive refraction and the lower one
correspond to the negative refraction. (c) The modeled metallic
baﬄe, the green line shows the position of the source.
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(a) (b)
Figure 4.15 Real view of the wedge structure in lab, from top and side
Figure 4.16 The magnetic field for the TE- polarization at a frequency of 29
GHz with the four beams b1, b2, b3, b4 arrows being the first
order Bragg beam, the outgoing one, the higher order1 and the
higher order2 respectively.
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an outgoing angle of 41 and 56 deg for H- and E-polarizations respectively. From the
effective medium theory, an effective dielectric constant of 1.45 for H-polarization and
2.95 for the E-polarization corresponding to calculated outgoing angles of 37 and 59
degrees respectively. These results indicate a good agreement between experiment and
theory at low frequencies. As shown in Fig. 4.13b, the EFS plots are anisotropic with
broken curves with 6-fold symmetry. This implies that higher order beams are expected
making the design and the interpretation of the wedge results more difficult [29]. Due
to these reasons and ambiguities arising from the comparable outgoing angles, we chose
to work with ΓM −ΓK design. Moreover, for ΓM −ΓM design, even if the higher order
beams do couple, they will not interfere with the rightness and the characterization of
the LH or RH behavior of the PC. From the EFS calculation, different diffracted beams
are expected. Thus, it will be difficult to assign RH or LH behavior to one of them.
However, it is known that the rightness of the material is related to the large magnitude
transmitted (zeroth order) outgoing beam. Fig. 4.16 shows the magnetic field at 29 GHz.
Notice that for all the FDTD results, the EM waves are launched along the ΓK direction.
The first and second interfaces of the wedge structure, I1 and I2 respectively are along
ΓM (see Fig. 4.14b). Two larger beams are diffracted. One of them is the outgoing
beam and the second one is the first order Bragg beam due to the periodicity at the
second interface (I2). The other two beams are the higher order Bragg reflections at the
first interface (I1) and are due to the combined effects of the periodicity of the interface
(I1) and the anisotropic six-fold symmetrical EFS. To assign a LH behavior to one of the
diffracted beams at the second interface (I2), it is important to be able to characterize
the LH or RH nature of the propagating beams. Therefore, one has to assign a sign
for the rightness of the PC. We chose that the negative hemisphere correspond to the
negative refraction and the positive hemisphere correspond to the positive refraction.
Although theory (photonic band structure and EFS calculation) predicted LH be-
havior for the wedge PC in the frequency range of interest, experimental data showed no
80
Figure 4.17 The transmission versus the angle measured from the surface
normal for the three frequencies; 26, 27, 28 GHz.
Figure 4.18 The transmission versus the angle measured from the surface
normal for the three frequencies: 29, 30, 31 GHz.
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Figure 4.19 The angle in degree versus the frequency for the four possible
diffracted beams in comparison with the experiment
such peak before 29 GHz. The transmission versus the measured angle from the surface
normal are plotted in Fig. 4.17 and Fig. 4.18 for the ranges of 26–28 GHz and 29–31 GHz
respectively. This discrepancy between theory and experiment will be addressed later.
It result from the comparison between theoretical and experimental results that: From
26–28 GHz, the experimental data shows no negative peak. The only peak observed in
this plot is the one corresponding to the positive refraction around 15 deg. However,
starting from 19 GHz two peaks are observed. One corresponds to the negative refrac-
tion and the other one to the positive refraction. Fig. 4.19 summarizes all the possible
diffracted beams from the theory as well as from the experiment. It is clearly shown
that the first order Bragg peak has an angle much smaller in magnitude than the zeroth
order beam. The other two higher order beams are very close to the transmitted and first
order Bragg peaks. In general, the experimental data seems to fall below the theoretical
ones. A good agreement between theory and experiment results concerning the position
of the negative peak is found. However, a reasonable agreement is found between theory
and experiment concerning the position of the positive peak. Furthermore the FDTD
simulations suggested that the positive peak will have much less amplitude than the neg-
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Figure 4.20 The magnetic field for the TE- polarization at a frequency of
26 GHz with the four beams b1, b2, b3, b4 arrows being the
first order Bragg beam, the outgoing one, the higher order1 and
the higher order2, respectively. A baﬄe is considered and the
source is at a distance of 160cm.
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Figure 4.21 The same as Fig. 4.20 at a frequency of 30 GHz.
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ative one. So far two discrepancies are present between the theory and the experiment.
The first one is the absence of the negative peak between 26 GHz and 28 GHz and the
second one is the magnitude of the positive peak being higher than the magnitude of the
negative one. To investigate these two discrepancies, many parameters were examined.
Three factors were singled out as the most likely source of the discrepancies. This in-
clude the small imperfections around the location of the scatters, the width of the source
and the metallic baﬄe. It was found that the small imperfections make no difference
and they do no effect the result. The source width slightly increases and enhances the
positive peak. However, the metallic baﬄe appeared to be the major contributor. To
investigate this effect, a Π shaped baﬄe modeled to emulate the experimental data was
considered in the FDTD simulations. The metallic baﬄe was has the dimension of 0.818
mm and 0.709 mm with respect to x and y directions with an opening of approximately
10 cm. The source is collimated like Gaussian beam localized at a distance of 160cm.
Fig. 4.20 and Fig. 4.21 show the FDTD results with the metallic baﬄe for 26 GHz and
20GHz respectively. Compared to the case where no baﬄe is considered, Fig. 4.21 at
30 GHz shows an enhancement of the relative magnitude of the positive peak. This
explains why the positive peak has much higher magnitude compared to the negative
one in the experimental data. Furthermore, although the metallic baﬄe does not affect
the position of the outgoing peaks, it significantly influence their relative power. Partic-
ularly at 26 GHz (see Fig. 4.20), the LH peak is much weaker than the positive peak and
is barely observable. This may be the reason why below 29 GHz, no negative peak was
observed. One possible explanation in favor of the metallic baﬄe would be adding the
metallic baﬄe, the two higher order reflections were partially suppressed and they were
fed back inside the structure. Thus, the positive peak gains more power and become
considerably significant.
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4.2.3 Conclusion
In conclusion, we have experimentally and theoretically studied the negative refrac-
tion and all possible outgoing peaks from a wedge shaped PC in such a way that the
rightness of our PC is unambiguously determined. The theory agrees very well with the
experiment at lower frequencies as well as for the position of the positive and negative
peak at higher frequencies. However, some discrepancies related to the magnitude of the
positive and the negative peak as well as their appearance have been seen. Simulations
show that the baﬄe may be the reason of such discrepancies.
4.3 Summary
In this chapter, we discussed the transmission properties of two-dimensional pho-
tonic crystal structures composed of dielectric materials. Negative refraction has been
predicted and experimentally verified in photonic crystal structures we proposed. Su-
perlensing phenomenon is also observed in one of the photonic band-gap structures. It
has high transmission along a wide range of angles, which makes it a good candidate for
observing LH behavior in PCs.
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CHAPTER 5 Experimental Procedure to Test Negative Index
In this chapter we present the experimental methods involved in the course of mea-
surements to verify the negative refractive index of left-handed materials. There are two
major procedures that have been carried out in the microwave lab. The first method is
to measure the magnitude and phase of transmission and reflection and inverse refrac-
tive index from the retrieval procedure explained in Chapter 2; the other method is to
determine the refractive index of testing material by measuring the location of first node
of standing wave.
5.1 Transmission and refection measurement
Measurements are taken using a HP 8510 network analyzer. A pair of Narda standard
gain waveguide horn antennas are used as transmitter and receiver.
To obtain transmission, a slab of left-handed material sample is placed between trans-
mitter and receiver antennas. The transmission is measured as a function of frequency
and calibrated to the transmission between the horns with the sample removed.
The reflection measurements is taken by placing the transmitter and receiver horns on
the same side of the sample and bouncing the microwave signal off the sample. The pair
of antennas are each inclined with an very small angle (about 7◦) with respect to normal
on the sample surface. The reflection measurement is calibrated using a sample-sized
sheet of copper as a reflecting mirror, see Fig. 5.1.
The transmission and reflection results then can be used to extract the effective
refractive index.
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Figure 5.1 Reflections measurement setup, both source and receiving an-
tennas are tilted at a small angle
5.2 First node detection
Fig. 5.2 shows the experiment setup used to observe standing waves in free space.
The dipole antenna is controlled by a Klinger gear motor connected by a motor con-
troller/driver and moved away from the slab of sample. The horn antenna generates
electromagnetic wave and the wave is reflected back from the metallic mirror. Its re-
flected wave interferences with the incident wave and a standing wave pattern appears.
The dipole antenna detects the superposition of both incident and reflected wave and
the E field will be recorded as well as the positions. A node is a position where the
amplitude of the stationary wave is zero and the first node appears at the position of
half wavelength away from reflector.
We test 12.7 mm-thick rexolite slab in the lab. The standing wave pattern is given
in Fig. 5.3.
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Figure 5.2 Index determination by locating the first node of standing wave.
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Figure 5.3 Standing wave pattern for a piece of rexolite slab
The first nodes is located 7.2 mm away from the rexolite slab, so we have:
7.2mm+ n ∗ 12.7mm = λ/2, (5.1)
where n is the refractive index of the rexolite slab. n = 1.58 is calculated from (5.1)
while n = 1.59 from manufacturer’s catalog, they are very close. We noticed that the
first node moves closer to the metallic mirror when there is rexolite slab than without.
That is due to the refractive index of rexolite is greater than the one of air. If a negative
index material is placed in front of the metallic mirror, the first is moving further away
from the reflector. From locating the first node of standing wave, the refractive index
can be obtained experimentally.
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